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Abst rac t - -Magnet ic  resonance electrical impedance tomography (MREIT) is a new medical imag- 
ing modality visualizing static conductivity images of a subject by injecting electrical currents (Neu- 
mann data) and measuring the induced internal magnetic flux density B using an MRI scanner. 
Taking advantage of the internal information B, MREIT can deal with the ill-posed characteristics 
of the inverse problem in electrical impedance tomography (EIT). However, the MREIT model at its 
early stage has technical difficulties in clinical applications mainly due to the requirement of subject 
rotations for acquiring all of the three components ofB = (Bx, B~, Bz). Lately, a new model so called 
the Bz-based MREIT model has been proposed to eliminate the subject rotation procedure. In this 
new MREIT model, we need to measure only one component B~ when the z-axis is the direction of 
the main magnetic field of the MRI scanner. There have been significant advances in reconstruction 
algorithms based on the Bz-based MREIT model and experimental studies howed that an excellent 
contrast resolution can be achievable. Although these advance in Bz-based MREIT, we have not 
dealt with its rigorous mathematical theory yet. 
The primary purpose of this work is to provide the rigorous mathematical framework for the 
Bz-based MREIT model. With this mathematical framework, we obtain the uniqueness in a two- 
dimensional setting of the Bz-based MREIT model. After introducing an example of the Bz-based 
MREIT algorithm, we present typical numerical and also experimental results. (~) 2006 Elsevier Ltd. 
All rights reserved. 
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1. INTRODUCTION 
Magnetic resonance lectrical impedance tomography (MREIT) is a new medical imaging modal- 
ity providing high resolution conductivity images based on the current injection MRI technique. 
The electrical conductivity of a biological tissue changes with cell concentration, cellular structure, 
molecular composition, membrane capacitance, and so on. These properties manifest structural, 
functional, metabolic, and pathological conditions of the tissue providing valuable diagnostic 
information. Hence, cross-sectional imaging of electrical conductivity distributions within the 
human body has been an important research goal in the field of medical imaging. 
MREIT was motivated to deal with the well-known severe ill-posedness ofthe image reconstruc- 
tion problem in electrical impedance tomography (EIT) [1-3]. In EIT, measured boundary volt- 
ages (Dirichlet data) due to multiple injection currents (Neumann data) are used to reconstruct an 
image of the conductivity distribution a satisfying the conductivity equation V- (aVu) = 0 [4-6]. 
Here, u denotes the corresponding voltage due to a given Neumann data and a. However, these 
boundary voltages are insensitive to a local change of the conductivity distribution and the re- 
lation between them is highly nonlinear. The ill-posedness and nonlinearity combined with the 
technical limitations in electrode attachments and measurement oise are the fundamental short- 
comings of EIT for providing high resolution conductivity images with a reasonable accuracy. 
In order to bypass this inherent ill-posed nature of the inverse problem in EIT, MREIT takes 
advantage of an MRI scanner as a tool to capture internal information of the subject that is 
interrelated with the unknown conductivity distribution a. 
In MREIT, we inject current I into an electrically conducting subject ~t through a pair of 
surface electrodes o that it generates an internal current density distribution J = (J~, J~, Jz). 
The pathway O f J is dictated by the unknown conductivity distribution a in such a way that the 
corresponding voltage u with J = -aVu  satisfies the following boundary value problem in the 
entire domain ~: 
V .  (aVu) = 0, in ~, 
(1) 
-aVu  . ~, = g, on 0~, 
where v is the unit outward normal vector to the boundary 0~ of the subject ~t and g is the 
corresponding Neumann boundary condition due to the injection current I. Then, the presence 
of J inside the subject ~ gives rise to a magnetic flux density B J via the Biot-Savart law 
a r - r '  #o J (r ' )  x - -  BJ(r) = ~ ir _ r,13 dr', 
where r = (x, y, z) and r ~ = (x', y', z'). Similarly, the external current I along lead wires produces 
a magnetic flux density B x. Hence, the total magnetic flux density due to the internal current 
density J and the external current I is B -- B J + B I. Using an MRI scanner in which the 
subject ~ is located, we can measure the z-component Bz of B = (B~, By, Bz) when the z-axis 
is the direction of the main magnetic field of the MRI scanner [7,8]. Hence, the mathematical 
problem of MREIT is to reconstruct a from the relationship between g and Bz. We call this 
mathematical problem Bz-based MREIT or simply MREIT. 
Potential clinical applications of MREIT include functional imaging, neuronal source localiza- 
tion and mapping, optimization of therapeutic treatments using electromagnetic energy, and so 
on. Images from MREIT may also be used as a pr ior i  information in EIT image reconstructions 
for better results. The disadvantages of MREIT over EIT may include the lack of portability, 
potentially long imaging time, and requirement of an expensive MRI scanner. 
In the early MREIT system, we used all three components of B -- (B~,  By ,Bz)  that can be 
measured by mechanical rotations of the subject within the MRI scanner [9-13]. Assuming the 
knowledge of the full components ofB, we can directly compute the current density J = V × B/#o 
where/to is the magnetic permeability of the free space which is the same as that of the human 
Mathematical Framework 819 
body. Kwon et al. developed the J-substitution algorithm that reconstructs high resolution 
conductivity images from the magnitude of J [9]. This J-substitution algorithm has been applied 
in experimental studies using saline phantoms to produce conductivity images of 64 × 64 pixels 
with a voxel size of 0.6 × 0.6 × 10 mm~ using a 0.3 Tesla experimental MRI scanner [10,11]. In the 
papers [14,15], we also provided the corresponding mathematical theory including the uniqueness. 
However, this early MREIT method using B = (B~, By, B~) as measured ata sets suffers from 
serious technical difficulties in its clinical applications due to the requirement of subject rotations 
within the main magnet of the MRI scanner. Therefore, the new goal of MREIT is to reconstruct 
cross-sectional images of a conductivity distribution a from only B~. 
The first constructive B~-based MREIT algorithm is the harmonic B~ algorithm proposed by 
Seo et al. [16]. Since then, various reconstruction algorithms for the B~-based MREIT model 
have been developed [17-20]. Numerical simulations howed that Bz-based MREIT can provide 
conductivity images with a high spatial resolution and accuracy. Phantom experiments showed 
the feasibility of the algorithm in practical applications [17,21]. 
Although Bz-based MREIT has made a significant progress, its rigorous mathematical frame- 
work has not been provided yet. The primary purpose of this work is to provide this rigorous 
mathematical framework for the B~-based MREIT model. With this mathematical model, we ob- 
tain the uniqueness in a two-dimensional setting of the B~-based MREIT model. The uniqueness 
and stability problems are important because these issues are related to the stable reconstruction 
of a with a reasonable accuracy against unavoidable measurement oise in B~. However, these 
two fundamental problems are still open. 
2. MATHEMATICAL  FRAMEWORK 
IN  Bz -BASED MREIT  
Let ft be a three-dimensional smooth and simply connected omain representing a subject. 
We assume that the conductivity distribution of the subject ft, denoted by a, is isotropic and 
E A := {~ E C1(~) : 0 < a < cc in ft}. (Here, the smoothness condition on a can be 
relaxed in various ways and similar results in this paper can be obtained by means of variational 
formulations.) In order to reconstruct an image of a, we impress electrical current across ft using 
a pair of surface electrodes attached on the boundary Oft. We sequentially impress electrical 
current [J, j = 1 , . . . ,N  across ft using N different pairs of surface electrodes as shown in 
Figure 1. Then, the resulting voltage uJ due to I j is influenced by a in such a way that uJ 
satisfies the elliptic equation V- (aVuJ )  = 0 in ft. This u j also satisfies the Neumann boundary 
condition -aVu  j • ulo ~ = gJ: along the j th  pair of electrodes E~ C Oft and E~ C Oft, we have 
fcj= gJ ds = ±I J  where the sign depends on the direction of current, and gJ = 0 on Oft \ (C~ U C J), 
the regions of the boundary not contacting with a chosen pair of current injection electrodes. For 
the uniqueness, we normalize uj as fo~ uJ ds = 0. In short, uJ is Hl(ft)  solution of the following 
boundary value problem: 
V.  (aVu j) = 0, in ft, 
-aVu  j • vloa = gJ C H-1/2(~), 
(2) 
Jo u Jds=O"  
In MREIT, we inject electrical currents IJ into the subject and measure the z-component B~ 
of the induced internal magnetic flux density B j = (B~,B¢,BJz)  using an MRI scanner. This 
induced magnetic flux density B can be decomposed into two parts B j -- B JJ ~ B IJ where B J~ 
is the magnetic flux density due to the internal current density .]J ---- - - c rVu  j and B lj is due 
to the lead wire current IJ. Since the term B/J is determined by the shape of lead wires and 
the current IJ, it can be computed explicitly or controlled to be a known value in experiments. 
Hence, the inverse problem of MREIT is to determine a by applying several boundary currents gJ, 
j = 1, . . . ,  N and measuring the corresponding Bz Jj inside ft. 
820 O. KWON et al. 
N f 
e+ 2 
i1 E. 1 
i I 
Figure 1. Current injection in MREIT. 
Now, we introduce a map relating B]  ~ with the Neumann data gJ 
A# [gJ] (r) ---- B~ ~ (r), r e ~. 
We will call this map A~ the 'NtBz-map'  (Neumann to Bz map). For a given g E H-1/2(012) 
and according to the Biot-Savart law, A#[g] is expressed as 
' o .  , 
A~[g](r) = ~ ]r - r'] 3 dr' (3) 
where u is the solution of (2). It is easy to see that A~[g] E H1(~2) when g C H-1/2(~).  
The goal of Bz-based MREIT is to reconstruct a from several NtB~ data, A~ [ga], j = 1, . . . ,  N. 
For B~-based MREIT to be practical, N should not be a large number. The most important 
mathematical questions are its uniqueness and stability. The uniqueness problem is whether a 
is uniquely determined from the relation between gJ and A~[gJ], j = 1 , . . . ,N .  The stability 
problem is to estimate the variation of a under a small perturbation of g ~ and B~ ~ because gS is 
an approximation of the true Neumann data and B~ ~ is contaminated with measurement oise. 
These theoretical problems are very important even in the practical point of view. Any results 
in these issues can be used to reduce the probability of making a wrong diagnosis by providing 
useful information on the false positive rate in a reconstructed conductivity image. 
3. UNIQUE DETERMINAT ION 
OF CONDUCTIV ITY  
3.1. Mathemat ica l  Mode l  for Bz-Based MREIT  
Let us begin with the following simple observation. 
PROPOSITION 1. For a constant c > 0 and g C H-1/2(0~),  
hco [g] = ha [g], in ~. 
PRoof .  If u is the solution of (2), then (1/c)u is the corresponding solution to ca. According to 
representation (3), 
ca(r') [ (x -x ' ) ( I / c )~( r ' ) -  (y -  y')(1/c)-~U(r')] dr' .o£ 
Ac~[g](r) = ~ Ir - r'l 3 
47r 
Hence, Aca [g] = Aa [g]. 
a(r ' )  [ (x -  ' 0u , -Y )° '7 ( r ) ]  dr'. x)~--~y(r)-(y , Ou , 
r - r '13  
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For the uniqueness, we must deal with this invariant property of NtB~ map for a constant 
multiple of a. In practice, this scaling uncertainty is fixed by measuring a voltage difference 
lu(rl) -u ( r2) l  = (~ ¢ 0 at any two fixed boundary points r l , r2 E 0fL This voltage difference 
must be added to the mathematical model of B,-based MREIT for the unique determination 
of a. Let aJ ¢ 0, j -- 1,. . .  ,N  denote the measured voltage differences at r l ,  r2 due to the 
injection currents I j. Then we must include the following constraint into the B~-based MREIT 
model: 
• fixed scaling factor: lu j (rl) - uJ(r2)l = ~J, j = 1,. . .  ,N. 
Now, we are ready to expresses the exact mathematical model for B~-based MREIT. 
The  mathemat ica l  model  for Bz-based MREIT  
For each j = 1 , . . . ,N ,  assume that gJ C H-1/2(O~), Baz J E Hl(ft) ,  and c~J are positive 
constants. Let r l ,  r2 E 0f~. Reconstruct a E .4 satisfying the following relations: 
V-  (aVu j) = 0, in f~, 
-aVu J "  ul°n =gJ' fon u j = O, 
j = 1 , . . . ,  N. (4) 
A,, [gJ] = B~ a', in ~, 
Unfortunately, problem (4) may not have any solution if B Jj is not chosen appropriately. 
However, in practice, the existence should not be an issue because the existence is always 
guaranteed ue to the use of the measured B Jj that is generated from the Biot-Savart law 
Aa[g j] -- B J~ defined in (3). Hence, B J~ must be contained in the physically meaningful set 
E[`4, g j] :-- {A~[gJ]:a E `4}. Throughout his paper, we assume B J~ E ~-[A, gJ]. 
Unlike existence, the uniqueness i a very important issue even in the practical sense because 
in the absence of the uniqueness we never know whether the reconstructed solution using (4) is 
the true one. 
The uniqueness of the conductivity can be obtained by showing that if a and # solve prob- 
lem (4), then a -- 5. The following proposition will be used in proving the uniqueness in the 
two-dimensional setting of the Bz-based MREIT model. 
PROPOSITION 2. Let gJ e H1/2(O~). If a,~ • A satisfy 
[g,] = [¢] ,  in a, (5) 
then there is a function CJ such that 
Vx,y¢ j = aV~,yu j - #Vx,u~ j, in f~, 
• 0 { OuJ _ O~J 
 %Tz ' ina, 
(6) 
where u j and fiJ are the solutions of (2) corresponding to a and #, respectively, and ~Tx,~ = 
(o_ )ox 
PROOF. It follows from integrating by part that identity (3) can be expressed as 
1A~ [g] (r) = - fn 1 f0 1 (aLVu(r '))  dsr,, 47rl r _ r, I V .  [aLVu(r')] dr' + a 4zrl r _ r '  I u. 
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where (01 ) 
--i 0 
0 0 
By taking the Laplacian to the above identity, we have 
1 
--AAo[g] = V.  [~LVu], in ft. 
#0 
Hence assumption (5) yields 
V.  [aLVu j] = V" [6LV~J] , in i2. 
The above identity can be rewritten as 
o / ouJ _ o~J'~ o / o~J _ o~J'~ °--g-2~ - ~-g2~ 
where V~ y = (o ,  0 , ~ N)  is the two-dimensional gradient. Hence there exists a scalar function q~ (r) 
such that, for all j = 1, . . . ,  N, 
/ OuJ _ O~ J \ 
V~,YCJ:= \0uCa]  = | Ou3 _0e 3] '  in ft. (7) 
Using the fact that V.  (aVu j) = V • (SV~ j) = O, CJ also satisfies 
• 0 { OuJ _O~J'~ 
in ft. (8) | 
3.2. Uniqueness in Two-D imens iona l  Version of Bz-Based MREIT  
In this section, we will show the uniqueness for the two-dimensional version of the Bz-based 
MREIT problem. This two-dimensional problem has some practical meaning because a human 
body is locally cylindrical in its shape. If we let ~2 be a chop of a human body, then ft can be 
regarded as a cylinder where the conductivity a is almost invariant along the z-direction 
0(7 
f t=Dx[a ,b ]  and ~zz ~0,  
where D is a two-dimensional smooth domain. Using long longitudinal electrodes covering the 
full longitudinal length of the cylinder ~, we could produce a transversally dominated internal 
current density in the cylindrical chop ft. Here, each gJ is independent to the z-direction and the 
corresponding voltage uJ does not change much in the z-direction. Then, the Bz-based MREIT 
model (4) becomes roughly a two-dimensional problem. 
Let us express the two-dimensionM version of the Bz-based MREIT problem (4). For simplicity, 
we assume that ~ is a two-dimensional smooth domain. Then the expression for A~ [g] in (3) can 
be replaced as 
[t x xt~Ou ~ i \Ou] 
t~O f '~ [~ -- )~  -- ~y- -  y )~ J  
Aa[g](r) = ~ j~ FxZx-~]~]y-_- y- ~ dx'dy' .  (9) 
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THEOREM 3.1. Let ~ be a smooth domain in IR 2 with a connected boundary and let £7}_ n£~ = 0 
and £!  = g,_2. Let gJ E HW2(~) having Aa[g 1] = Aa[g 2] in 12. I[ a ,# E C1(~) solve the 
two-dimensional B=-based MREIT  problem (4), then 
or=#,  in ~. 
PROOF. If we modify Proposition 2 for the two-dimensional problem, we can obtain that there 
exist CJ, j = 1, 2 which satisfy the following: 
ACJ =O, V¢  a =aVu j -~V* i  j, i n f ' .  
Moreover, ¢J satisfies the zero Neumann boundary condition 
V¢ j • v = aVu j • v -  5V~, j • v = gJ - gJ = O, on 0fk 
Since ¢J is harmonic with the zero Neumann boundary condition, it is just a constant function 
in f~. This implies that JJ - JJ = -aVu j +~V~ j = -V¢  j = 0, that is, J J  = JJ. Since 
V X YU j = 0, 
=vZ ( .w , )+ x 0=Vx x 
dr 
_ 1__ ( -V log~ × (aVu y) + V x (~VuJ ) ) .  
- -  (7 
Hence, we obtain V x (aVu j) = V loga  x (aVuJ). Similarly, we have V x (&Vfi ~) = V log# x 
(#V~) .  Since aVu j = aV~ ~ in ~2, 
0 = v × (~wJ)  - v × (aw, )  
= v log ~ × (~wJ )  - v log ~ × (~wJ )  
This can be rewritten as the following matrix form: 
0U 1 0U 1 \ ( 0 (7 
Ou 2 Ou 2 l 0 ~ 
Since 0 < a < oo, the above identity can be rewritten as 
( )  c°, Oul Oul -~yylog Ox Oy = 
Ou 2 Ou 2 0 a ' 
Ox Oy \ -~z -5 
Now we wish to prove 
for all r E ft. 
Vu l ( r )  x Vu2(r) = 
0Ul(r  ) OUl.r) 
0x -~-y( 
OU2.r) 0U2(r ) 
-~-~( 0~ 
in ~2. 
in f~. 
O, 
(10) 
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To derive a contradiction, we assume that there is a point r0 E R such that ~7ul(r0) × 
Vu2(r0) = 0. Then there exist two constants tl and t2 which are not all zero, satisfying 
t l~Tul ( r0)+t2Vu2(r0)  = 0. Let 0~ + = {r E 0~ I t lg l (  r )+tag=(r )  -> 0} and 0R-  = {r C 
0R [ Qgl(r )  + t2g2(r) _< 0}. For E~_ N C 2 = 0 and E a_ = E_ 2 , it can be easily checked that at least 
one of them is connected. According to the theory of index of isolated critical points [22,23] with 
Neumann data g = tlg 1 + t2g 2, the corresponding solution u of problem (4) satisfies 
Vu( r )  = t lVu l ( r )  + t2Vu2(r) # O, 
for all r E R, especially at r0. This is a contradiction. Hence we can conclude that 
Vul ( r )  x Vu2(r) # O, 
for all r E ~. This linear independency of VU 1 and Vu 2 and (10) imply that  V log(a~5) = 0, or 
log(a/~) is a constant. From this a(r)  =/36(r )  for some constant/3. Due to [uJ(rl) - uJ(r2)] = 
[~J(rl) - u J ( r2 ) [  = a j, we conclude that/3 = 1 or a = 6 and immediately uJ = 72J. | 
REMARK 3.2. Here we used the assumption that E~_ 71 E 2 = 0 and C_ 1 = E 2_ to guarantee 
Vu 1 x Vu a ~ 0 in the whole domain ~. In fact, to prove the uniqueness, we need only that 
F --- {r E R I Vu l ( r )  × ~7u2(r) = 0} is a set of measure zero and ~/P  is connected. Using the 
index theory of critical points [22,23], we can prove the uniqueness in more general settings of 
electrodes. 
4. D ISCUSSIONS AND OPEN PROBLEMS 
Recently, there have been great advances in developing reconstruction algorithms for Bz-based 
MREIT  and experimental studies showed that an excellent contrast resolution can be achievable 
among biological tissues. However, these successful outcomes in the engineering point of view 
have not been supported yet by rigorous mathematical  theories such as 3D-uniqueness, tability, 
and convergence of the numerical algorithms. 
In this section, we quickly address one of the developed reconstruction algorithms called the 
gradient B~ decomposition algorithm in which numerical simulations with added random noise 
of realistic amounts show the feasibility of the algorithm in practical applications and also its 
robustness against measurement oise [20]. In order to briefly explain the algorithm, let us assume 
gt = D × [-5, 5] = {r = (x, y, z) I (x, y) e D, -5  < z < 5} is an electrically conducting subject 
where D is a two-dimensional smooth simply connected domain. Let u be the solution of the 
Neumann boundary value problem (4) with the Neumann data g. We parameterize OD as OD:= 
{(x(t), y(t)) : 0 < t < 1} and define {?(x(t), y(t), z) := fo g((x(t), y(t), Z))x/]Xt(t)]  2 "~ lyt(t)] 2 dt for 
(x, y, z) e OD x (-~, 5). 
The gradient B~ decomposition algorithm is based on the following key identity: 
a= - (~u + Ax[u]) ~ + (-~ + Ay[u]) -~Y i n f ' ,  (11) 
b--~/ + 
where 
and 
h~[u].- o~ owz owx o¢ owz owy 
Oy 0---7 +~ and hy[u]:=~+ Oy Oz ' infl, 
H=¢+ 1--Bz, 
#o 
1 O(aVu(r')) dr'. 
W(r) := ~ 47f ir - -rq Oz 
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Here, ¢ and ¢ are solutions of the following equations: 
~72¢ = 0, in ~t, 
1 
¢ = ~ - ~-B , ,  on 0ftside, 
#0 
0¢ I OBz 
Oz #o Oz ' 
on 0~~tb , 
and 
V2¢ = 0, in ~, 
V¢.T=VxW.T ,  on 0~'~side ~ 
~bD 
v___y_~ = - -V  x W.ez ,  on 0~tb,  
Oz 
where ez = (0,0, 1), 0~'~side : -  OD x (-6, 5), ~tb is the top and bot tom of the cyl inder ~,  and 
T := ( -~y ,  ux, 0) is the tangent  vector on the lateral boundary  OD × (-5,  6). 
Since the term u in (11) is a highly nonl inear funct ion of a, ident i ty (11) can be viewed as 
an implicit  reconstruct ion formula for a. It should be noticed that  we cannot  identify a with a 
(a). Target conductivity distributions at three different slices of a cubic model. 
(b),(c). Conductivity images reconstructed from simulated ata of B~, B, 2 with two 
different realistic amounts of added random noise. 
Figure 2. Results of numerical simulation. 
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[Tesla] x 1 o ~ 
[S/m] 
(a), (b) Measured magnetic flux densities B 1 and B 2 from a cylindrical saline phantom 
due to 24 mA horizontal and vertical injection current, respectively. 
[S/m] 
(c) Reconstructed conductivity image at the middle imaging slice of the phantom. 
Figure 3. Results of phantom experiment. 
single g using (11). Hence, we may use an iterative reconstruction scheme with multiple Neumann 
data gj,  j = 1 , . . . ,N  to find a. Let u~ be the solution of (2) with a = am and gj. Then, the 
reconstructed a is the limit of a sequence a m that is obtained by the following formula: 
g 
+As[u7 o2 
i=1 
O'm+ 1 
E + 
i= l  
We now briefly describe typical numerical and experimental results using the gradient Bz 
decomposition algorithm. Figure 2a shows three cross-sectional conductivity distributions of a 
three-dimensional cubic subject (50 x 50 × 50 mm 3) used in numerical simulation studies [20]. 
Sequentially injecting 11 and 12 of 10 mA currents into the cubic subject at the horizontal and 
vertical direction, respectively, we computed the induced internal magnetic flux densities B~ 
and B~ using the three-dimensional forward solver described in [24]. Figures 2b and 2c are 
reconstructed conductivity images from B 1 and B~ with added random noise of two different 
realistic amounts. As shown in Figure 2, numerical simulations show that the performance of the 
algorithm is quite good. 
Figure 3 shows typical experimental results of Bz-based MREIT. We used a cylindrical saline 
phantom with both its diameter and height being 140mm. Inside the phantom, we placed 
several objects with different conductivity values from the background conductivity of 0.63 S/m 
(3.125 g/1 NaC1 and 2 g/1 CuSO4). Sequentially injecting 24 mA currents into the phantom at the 
horizontal and vertical direction, we measured the induced magnetic flux densities Bz 1 and B~ 2, 
respectively, using a 3.0 Tesla MREIT system developed at IIRC (impedance imaging research 
center, ht tp : / / i i r c .khu .ac .k r )  in Korea. Figures 3a and 3b are images of B 1 and B 2 at the 
middle imaging slice of the phantom. Figure 3c shows a reconstructed cross-sectional conductivity 
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image at the same middle imaging slice. From the image, we could discern a small  object  
wi th 2 mm diameter  having a different conduct iv i ty  value from that  of the background solution. 
However, the reconstructed conduct iv i ty  image also shows the effects of systemat ic  and random 
noise in measured ata  suggest ing further technical  improvements  in the data  col lection procedure 
including the reduct ion of the amount  of the inject ion current. 
Recent works on MREIT  show that  we can successfully reconstruct  cross-sectional conduct iv i ty  
images from the relat ionship between gJ and Bz j ,  j = 1, 2. However,  the convergence behavior  
of Bz-based image reconstruct ion algor i thms including the gradient Bz  decomposi t ion a lgor i thm 
has not been provided rigorously. 
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